Diacyl phthiocerol esters and their congeners are mycobacterial virulence factors. The biosynthesis of these complex lipids remains poorly understood. Insight into their biosynthesis will aid the development of rationally designed drugs that inhibit their production. In this study, we investigate a biosynthetic step required for diacyl (phenol)phthiocerol ester production, i.e., the reduction of the keto group of (phenol)phthiodiolones. We utilized comparative genomics to identify phthiodiolone ketoreductase gene candidates and provide a genetic analysis demonstrating gene function for two of these candidates. Moreover, we present data confirming the existence of a diacyl phthiotriol intermediate in diacyl phthiocerol biosynthesis. We also elucidate the mechanism underlying diacyl phthiocerol deficiency in some mycobacteria, such as Mycobacterium ulcerans and Mycobacterium kansasii. Overall, our findings shed additional light on the biosynthesis of an important group of mycobacterial lipids involved in virulence.
A unique feature of the mycobacteria is their outer cell wall layer. The unusual lipid composition of this layer contributes to the characteristic pathogenicity and resiliency of mycobacterial pathogens (4, 7, 8, 15, 22, 24) . Among the lipids of the mycobacterial outer cell wall layer are diesters of long-chain multimethyl-branched fatty acids and ␤ glycol-containing longchain polyketides (PKs) (14, 15, 20, 24) . These diesters, collectively referred to herein as diacylated PKs (DPs), are produced by Mycobacterium tuberculosis, M. leprae, M. bovis, M. microti, M. africanum, M. kansasii, M. marinum, M. ulcerans, M. haemophilum, and M. gastri. With the exception of M. gastri, all these mycobacteria are pathogenic. Depending on the species, the fatty acid component of the diesters is called either mycocerosic acid or phthioceranic acid. The ␤ glycol-containing PKs are phthiocerols (POLs), phthiodiolones (PONEs), phenolphthiocerols (pPOLs), or phenolphthiodiolones (pPONEs). The diesters of pPOLs and pPONEs are glycosylated on the aromatic ring. Finally, the difference between (p)POLs and (p)PONEs is that the former lipid family has a 3-methoxy group [or 2-methoxy in (p)POLs of the B series], whereas the latter family has a 3-keto group [or 2-keto in (p)PONEs of the B series] (Fig. 1) .
Discovered over 70 years ago (39, 40) , DPs have recently become the focus of intense attention after several lines of evidence indicated their role as virulence factors. Most importantly, abrogation of the production of M. tuberculosis nonglycosylated DPs (often referred to as phthiocerol dimycocerosates) was recently shown to correlate with attenuation of virulence in mouse infection models (6, 13, 33, 34, 36, 37) . Furthermore, production of glycosylated DPs (usually referred to as phenolglycolipids [PGLs] ) and not production of only nonglycosylated DPs (32) correlates with M. tuberculosis hypervirulence in the mouse model, and the M. tuberculosis PGLs were demonstrated to down-regulate macrophage immune function in vitro (32) , hinting at a possible immunomodulatory role for these lipids. Finally, the M. leprae glycosylated DPs (PGL-1) were shown to induce nerve demyelination and mediate the predilection of M. leprae for Schwann cells. These biological activities are attributed to the trisaccharide moiety of the glycolipid (26, 31) .
Despite insights into DP biosynthesis from early metabolic labeling and degradation studies (17) (18) (19) and the recent identification of PK synthase genes (e.g., pks15/1, ppsA-E, and mas) involved in the production of DPs (1, 2, 11, 23, 30, 42) , our understanding of DP biosynthesis remains limited. As part of our efforts to elucidate DP biosynthesis, we have recently reported on the functional and structural characterization of M. tuberculosis PapA5, an acyltransferase believed to catalyze acylation of (p)POLs and (p)PONEs with mycocerosic acids (5, 27) . In the present study, we clarify another step of the DP biosynthetic pathway, i.e., reduction of the PONE keto group. This is the first step in the conversion of (p)PONEs to (p)POLs (Fig. 2) . Comparative genomics of DP clusters of diacyl (p)PONE/(p)POL-producing mycobacteria versus those of diacyl (p)POL-deficient mycobacteria allowed us to identify a conserved gene candidate encoding the predicted phthiodiolone ketoreductase. Gene complementation studies with naturally occurring diacyl POL-deficient M. kansasii and M. ulcerans validated our predicted function for the putative ketoreductase. Furthermore, we show that diacyl phthiotriol (3-hydroxy) is an intermediate in the diacyl POL biosynthetic pathway. Finally, our analysis illuminates the genetic basis underlying diacyl POL deficiency in M. kansasii and M. ulcerans. 
FIG. 2.
Current model for (p)PONE-to-(p)POL conversion. The PK intermediates synthesized by the (Pks1/15)PpsA-E PK synthase system are shown bound to the acyl carrier protein domain (ACP) of PpsE. The mechanism of the proposed decarboxylative release of the PK chain to produce (p)PONEs remains unknown (step 1). The next step in the scheme is (p)PONE keto group reduction to generate the hydroxyl group in the (phenol)phthiotriol intermediates (step 2). *, keto and hydroxyl groups. As proposed in this study, step 2 is catalyzed by phthiodiolone ketoreductases. The hydroxyl group is subsequently methylated to produce (p)POLs (step 3 (27, 38) . Briefly, cells from bacterial cultures (100 ml; optical density at 600 nm, 1.0) were harvested by centrifugation or by vacuum filtration and resuspended in 20 ml of methanol (MeOH):0.3% NaCl (10:1, vol/vol). The suspension was extracted twice with 10 ml of petroleum ether (PE). The upper layer, containing apolar lipids, was recovered, mixed thoroughly with 20 ml of CHCl 3 for 1 h, and dried under reduced pressure. The resulting apolar lipid extract was resuspended in PE:CHCl 3 (1:1, vol/vol) and analyzed by thin-layer chromatography (TLC) and mass spectrometry (MS) as described below. To obtain 14 C-labeled DPs, mycobacterial cultures (50 ml; optical density at 600 nm, 0.8) were metabolically labeled by pulsing them with 10 Ci of [ 14 Purification of DPs. A 1-cm column was packed 15 cm high with silica gel (35 to 70 m, 6-nm pore diameter [Acros Organics]) and irrigated with PE:diethylether (9:1, vol/vol). Samples of extracted apolar lipids were added and eluted as 1-to 2-ml fractions. DP-containing fractions were identified by TLC analysis, pooled, and concentrated under reduced pressure. In selected cases, the recovered DPs were subjected to additional purification by preparative TLC as indicated below.
Thin-layer chromatography. Analytical TLC was performed using aluminumbacked, 250-m-thick Silica Gel 60 plates (EM Science or Whatman). Preparative TLC was performed on 10-by 10-cm, 250-m-thick glass-backed Silica Gel 60 TLC plates (EM Science), and lipids were eluted from the silica gel with CHCl 3 :MeOH (3:1, vol/vol). Lipids were separated using a PE:diethylether (9:1, vol/vol) solvent system. Unlabeled lipids were visualized by spraying them with 5% ethanolic phosphomolybdic acid, orcinol reagent, anisaldehyde, or naphthol sulfuric acid solution, followed by charring. TLC plates with radiolabeled lipids were exposed for 24 to 48 h to a phosphor screen (Molecular Dynamics) and analyzed using a Storm 860 gel PhosphorImager system (Molecular Dynamics) and the companion software ImageQuant version 5.0 (Amersham Biosciences).
Atmospheric-pressure photoionization MS. Mass spectral data were acquired at the Hunter College/CUNY MS facility on an Agilent Technologies 1100 series liquid chromatography/mass spectrometer device model G1946D using atmospheric-pressure photoionization (APPI) in positive and negative modes. Ionization was carried out with a drying gas flow of 5.0 liters min Ϫ1 , a nebulizer pressure of 60 lb/in 2 , a drying gas temperature of 300°C, a vaporizer temperature of 450°C, and a capillary voltage of 4,000 V. The mass range scanned was between 200 and 1,600 atomic mass units (amu), with fragmentor voltages ranging from 60 V at 50 amu to 175 V at 1,800 amu. The samples were dissolved in hexane and CHCl 3 . Routinely, a 10-l aliquot of the sample was combined with 10 l of toluene (APPI dopant), and a 10-l aliquot of the mixture was introduced into the mass spectrometer in a solution of MeOH:H 2 O (95:5, vol/vol) containing 0.1% acetic acid, 50 M ammonium acetate, and 0.1% CHCl 3 at a flow rate of 500 l min Ϫ1 . Data were processed using ChemStation software (Agilent Technologies).
Derivatization of M. ulcerans lipids. Purified M. ulcerans DPs were dried in a vial at room temperature and subjected to standard chemistry to achieve hydroxyl group derivatization (12, 21) . For acetylation, the lipid sample was resuspended in 100 l of acetic anhydride:pyridine (9:1, vol/vol), and the mixture was incubated overnight at room temperature. Chloroacetylation was accomplished by the addition of 100 l of pyridine and 50 mg of chloroacetic anhydride to the lipid sample and subsequent incubation of the mixture for 4 h at 0°C. For benzoylation, 100 l of pyridine, 20 mg of benzoic anhydride, and a catalytic amount of 4-(dimethylamino)pyridine were added to the lipid sample, and the mixture was incubated overnight at room temperature. After incubation, 1 volume of water was added to each derivatization reaction mixture, and the aqueous solution was extracted twice with hexanes. The organic extract was washed with water and dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure, and the remaining lipid products were analyzed by MS.
Nucleotide sequence accession number. The nucleotide sequence of the Mk2951c gene was deposited in GenBank under accession number AY906857.
RESULTS AND DISCUSSION
Identification of phthiodiolone ketoreductase gene candidates in mycobacteria producing diacyl (p)PONE and diacyl (p)POL esters. According to the current model for DP biosynthesis, (p)PONEs are assembled by the (Pks15/1)PpsA-E PK synthase system and subsequently modified to generate (p)POLs (15, 20, 24, 34) (Fig. 2) . The (p)PONE-to-(p)POL conversion is thought to require two steps, although the timing of the two steps relative to glycol esterification remains unclear. The first step is reduction of the (p)PONE keto group via an unknown mechanism, presumably producing a (phenol) phthiotriol intermediate. The second step is hydroxyl group methylation and is thought to be catalyzed by an S-adenosylmethionine-dependent methyltransferase (18) , which is encoded by the Rv2952 gene in M. tuberculosis (29) .
In an effort to better understand DP biosynthesis, we investigated the genetic requirement for PONE-to-POL conversion with a focus on the keto group reduction. We undertook a comparative genomics approach to identify a phthiodiolone ketoreductase gene candidate. This was guided by the premise that all genes dedicated to DP production are likely located in a 70-kb gene cluster conserved in all DP producers analyzed to date (9, 10, 16) . We explored the DP gene clusters in M. tuberculosis (strain H37Rv) (9), M. bovis (strain AF2122/97) (16), and M. leprae (strain TN) (10) for the presence of possible phthiodiolone ketoreductases. The analysis revealed a conserved gene encoding a putative oxidoreductase of unknown function and annotated as Rv2951c, Mb2975c, and ML0131 for M. tuberculosis (9) , M. bovis (16) , and M. leprae (10), respectively. We also probed the M. marinum genome for the conserved putative oxidoreductase. A query of the M. marinum genome with the M. tuberculosis the Rv2951c gene-predicted product (Rv2951c) revealed a homolog (Mm2951c) with 83% sequence identity encoded by a gene (the Mm2951c gene) located in the predicted DP gene cluster of M. marinum (not shown).
Sequence analysis indicated that the oxidoreductases have 81 to 100% sequence identity (see Fig. S1 in the supplemental material) and revealed the presence of a domain characteristic of coenzyme F420-dependent N 5 ,N 10 -methylene tetrahydromethanopterin reductase and related flavin-dependent oxidoreductases (CD identifier, COG2141) in each protein. This Examination of the genomes of mycobacterial strains producing only diacyl (p)PONE esters for the presence of phthiodiolone ketoreductase candidates. To support the proposed phthiodiolone ketoreductase function of Rv2951c and its homologs, we took advantage of naturally occurring DP-producing M. ulcerans and M. kansasii strains that synthesize only the diacyl PONE variants (3, 25) . The mechanism underlying diacyl POL deficiency in these mycobacteria has so far remained obscure. This deficiency could be due to lack of either the ketoreductase or the methyltransferase activities required for (p)PONE-to-(p)POL conversion, except that lack of the latter activity would result in accumulation of (phenol)phthiotriol intermediates (29) . Since accumulation of these intermediates has not been reported for diacyl (p)POL-deficient mycobacteria, we favored the idea that the deficiency results from lack of ketoreductase activity.
It is reasonable to postulate that if indeed the Rv2951c gene and its homologs encode phthiodiolone ketoreductases, then either the genes or gene products must be naturally disrupted, absent, or inactive in mycobacteria restricted to diacyl (p)PONE production. To investigate this hypothesis, we examined the genomes of M. ulcerans and M. kansasii for Rv2951c gene homologs. A query of the M. ulcerans genome revealed that the predicted phthiodiolone ketoreductase gene, the Mu2951c gene, has a G-to-A transition at codon 147 introducing a premature stop codon. Excluding this mutation, Mu2951c displays 80 to 98% sequence identity to the other predicted ketoreductases (see Fig. S1 in the supplemental material). Sequence analysis indicated that Mu2951c has a possible COG2141 domain (score value, 144 bits; E value, 1 ϫ e Ϫ35 ) and is encoded in the putative DP gene cluster of M. ulcerans (not shown).
Unlike the results with M. ulcerans, PCR-based identification of the M. kansasii phthiodiolone ketoreductase gene candidate (the Mk2951c gene) and its subsequent sequencing revealed no coding sequence disruption. Mk2951c has 80 to 86% sequence identity to the other predicted phthiodiolone ketoreductases (see Fig. S1 in the supplemental material) and a potential COG2141 domain (score value, 125 bits; E value, 8 ϫ e Ϫ30 ). The Mk2951c sequence provided no information to account for the diacyl POL deficiency in M. kansasii; however, it is possible that the lack of ketoreductase activity occurs due to an inactivating mutation in the Mk2951c coding region or a mutation outside this region that compromises Mk2951c expression.
TLC analysis of DPs from M. ulcerans and M. kansasii strains expressing functional phthiodiolone ketoreductases. We investigated whether expression of a functional phthiodiolone ketoreductase would correct the diacyl POL deficiency of M. ulcerans and M. kansasii. Radio-TLC analysis of apolar lipid extracts from the control strains M. ulcerans/pMV261 and M. kansasii/pMV261 confirmed that the transformants had apolar lipid profiles essentially indistinguishable from those seen with wild-type strains (Fig. 3) . A comparison of apolar lipids from M. ulcerans/pMV261 and M. kansasii/ pMV261 with those of M. ulcerans/pCPMm2951c and M. kansasii/pCPMm2951c revealed that transformants containing pCPMm2951c (expressing Mm2951c) produced a new lipid (lipid I) with an R f nearly identical to that of diacyl POLs from M. tuberculosis (Fig. 3) (27) .
Surprisingly, the radio-TLC analysis revealed yet another new component (lipid III) in the lipid profile of M. ulcerans/ pCPMm2951c. Lipid III migrated with a lower R f than that of the native diacyl PONEs (lipid II) and was not detected in M. ulcerans/pMV261 (Fig. 3) . The low R f of lipid III is consistent with the expected migration of the more-polar diacyl phthiotriol intermediate. The accumulation of this lipid in M. ulcerans/pCPMm2951c is unexpected and may suggest that the methyltransferase activity of M. ulcerans is not as robust as that of M. tuberculosis, which does not accumulate the intermediate (Fig. 3) . Lipids with R f values similar to those of the suspected diacyl phthiotriol intermediate were also present in the lipid profiles of all M. kansasii strains (Fig. 3) . These spots probably arise from M. kansasii-specific apolar lipids in the crude extracts rather than from diacyl phthiotriol accumulation.
Although analysis of the sequenced Mk2951c fragment provided no reasons to suspect that the gene product is inactive, the complementation studies demonstrated that M. kansasii lacks a functional phthiodiolone ketoreductase. We analyzed the DP profile of M. kansasii transformed with pCPMmMk2951c to investigate whether the Mk2951c gene fragment has naturally occurring mutations that render the enzyme inactive. This plasmid is essentially the same as pCPMm2951c, except for the replacement of the Mm2951c coding sequence downstream of the second codon with the were purified by flash column chromatography and analyzed by APPI MS. The mass spectra of both lipid fractions showed the expected peak distribution pattern of the monoacyl PONE ion series (3, 24) , with the major peak at m/z 843.6 ( Fig. 4A and B) likely corresponding to an ester of C26 PONE and C32 mycocerosic acid. The peaks in this series differ by multiples of 14 amu, a variation arising from the characteristic heterogeneity in the number of methyl branches and length of acyl chains found in DPs. Most importantly, a second peak series not present in the mass spectra of M. kansasii/pMV261 lipids and centered on m/z 859.6 was seen in the spectra of M. kansasii/pCPMm2951c lipids ( Fig. 4A and 4B) . The m/z value of each ion in this series is 16 amu larger than that of its native monoacyl PONE ion (a mass gain resulting from methylation of the 3-keto group), indicating that this series corresponds to the monoacyl POL ions. MS analysis of M. kansasii/pCPMmMk2951c DPs demonstrated the presence of the expected peaks for both the monoacyl POL and the monoacyl PONE ion series in this strain as well (not shown). Overall, the MS analysis confirmed that the introduction of Mm2951c or MmMk2951c into M. kansasii imparts the capacity to produce diacyl POLs.
MS analysis also established that Mm2951c rescued diacyl POL production in M. ulcerans. The M. ulcerans/pCPMm2951c diacyl POLs and diacyl PONEs (Fig. 3A, lane 4 , lipids I and II) were isolated using flash column chromatography followed by preparative TLC purification. The diacyl PONEs of M. ulcerans/pMV261 (Fig. 3A, lane 3 , lipid II) were purified using the same methodology. The M. ulcerans/pCPMm2951c and M. ulcerans/pMV261 lipid fractions were analyzed by APPI MS. As expected, the mass spectrum of the lipid from M. ulcerans/ pMV261 showed only the monoacyl PONE ion series (Fig.  4C) . The most prominent peak in the series had an m/z value of 829.8, likely arising from an ester of C 25 PONE and a C 32 acyl chain. The spectrum of the M. ulcerans/pCPMm2951c lipid fraction containing lipids I and II displayed not only the expected monoacyl PONE peak series but also an additional series with a major peak at m/z 845.8 (Fig. 4D) . As seen in the mass spectrum of the M. kansasii/pCPMm2951c lipids, the m/z value of each peak in this series is 16 amu larger than that of its native monoacyl PONE ion (Fig. 4D ). The masses in this peak series correspond to the masses expected for the monoacyl POL ion series.
Interestingly, the mass spectra obtained for lipids of both M. ulcerans/pMV261 and M. ulcerans/pCPMm2951c displayed an unexpectedly prominent peak at m/z 827.6 to 827.7 ( Fig. 4C  and D) . This m/z value is 2 amu smaller than the m/z value of the major diacyl PONE peak (m/z 829.8). It is tempting to speculate that this peak arises from a DP variant with one additional degree of unsaturation. However, double-bond-containing DP variants have not been reported, and further structural analysis would be needed to investigate this possibility.
MS analysis of the suspected diacyl phthiotriol intermediate produced by M. ulcerans/pCPMm2951c. Radio-TLC analysis suggested the accumulation of diacyl phthiotriols in M. ulcerans/pCPMm2951c. The suspected diacyl phthiotriols (Fig. 3A , lipid III) were isolated by flash column chromatography followed by preparative TLC purification and subjected to MS analysis. The mass spectrum of lipid III showed an ion series with a major peak at m/z 831.8 and corresponding secondary peaks with the distinctive 14-amu variation patterns of DPs (Fig. 4E) . m/z 831.8 is 2 amu larger than that of the predominant monoacyl PONE ion (m/z 829.8) (Fig. 4C) and consistent with the reduction of the keto group, resulting in the monoacyl phthiotriol ion. However, this value also falls within the monoacyl POL ion series (Fig. 4D) , making an unequivocal identity assignment impossible.
To differentiate between these two peak assignment possibilities, we derivatized the suspected diacyl phthiotriols to achieve hydroxyl group chloroacetylation, acetylation, or benzoylation and analyzed the reaction products by MS. Chloroacetylation, acetylation, and benzoylation are expected to introduce shifts of ϩ76 and ϩ78 (due to the abundance of 35 Cl and 37 Cl), ϩ42, and ϩ104 amu, respectively, in the m/z value of every peak in the monoacyl phthiotriol ion series. MS analysis of the suspected diacyl phthiotriols after chloroacetylation showed a new ion series with the main peak at m/z 907.8. This m/z value corresponds to the m/z 831.8 ion in the spectrum of the nonderivatized lipid sample with a shift of ϩ76 amu predicted to arise from chloroacetylation. Incorporation of the chloroacetyl is verified by the presence of the ϩ78 amu 37 Cl isotope peak at m/z 909.6. MS analysis of the suspected diacyl phthiotriol after acetylation or benzoylation exhibited the expected amu shifts as well (not shown). As anticipated, comparison of the mass spectra of M. ulcerans-purified lipids I and II (Fig. 3A) subjected to each of the derivatization reactions and the corresponding nonderivatized control revealed no appreciable mass changes (not shown). Thus, the chemical derivatization analysis confirmed the presence of a free hydroxyl group in the suspected diacyl phthiotriols and proves the identity of this lipid.
In conclusion, this study advances our understanding of mycobacterial PK virulence factor biosynthesis by (i) identifying the enzyme that catalyzes the PONE keto group reduction during diacyl POL biosynthesis and, most likely, the reduction of the keto group in pPONEs during diacyl pPOL biosynthesis as well; (ii) validating the existence of the diacyl phthiotriol intermediate in diacyl POL biosynthesis; and (iii) demonstrating that lack of phthiodiolone ketoreductase activity is responsible for diacyl POL deficiency in M. ulcerans and M. kansasii. Finally, while the analysis was done with M. ulcerans, M. kansasii, and M. marinum, the results can be extended to M. tuberculosis and M. leprae, where the proposed phthiodiolone ketoreductases are expected to be required for diacyl (p)POL production. 
